Introduction
T h e investigation of the uranium-niobium system w a s undertaken as part of a general program to find a uranium-rich alloy p o s s e s s i n g : (a) corrosion resist a n c e properties, (b) heat-treating characteristics leading to favorable mechanical properties, (c) formability, (d) dimensional stability, (el low neutron capture cross-section, and (f) high density. Unfortunately, none of the reported s t u d i e s are concerned with the mechanical properties of the uraniumniobium system. It i s the intent of t h i s work to investigate mechanical properties a s a function of heat treatments, and to Jetermine the optimum tensile properties commensurate with a given application.
(1) B. Sawyer. "UraniumColumbium Alloy System." Argonne National Laboratory, 1946, ANL-4027.
(2) B. A. Rogers. D. F. Atkins. E. J. Manthos, and M. E. Kirkpatrick, Trans. Met. Soc. AIME, 212, 387-393 (1957) . 
Experimental
Materials.-The uranium w a s magnesium-reduced derby material. T h e niobium w a s sintered material rolled to 120-mil strip. A partial chemical a n a l y s i s .of both m e t a l s i s givcn in T a b l e I.
Alloy Preparation.-The component metals were fabricated into box electrodes. T h e s e were arc-melted in a consummable-electrode arc furnace into a watercooled copper mold. T h e ingots were then inverted . and a g a i n arc-melted. T h e s e double-arc-cast ingots were homogenized for 2 hours a t 1 100°C. T h i s material w a s then hot rolled to s h e e t from which the tens i l e -t e s t blanks were cut. A partial chemical analys i s of t h e double arc-cast alloy i s given in Table I . In s o m e i n s t a n c e s the rolled, double arc-cast alloy w a s induction re-cast into bar stock, re-homogenized 2 hours a t llOO°C, and then hot rolled to r o d s from which the t e n s i l e -t e s t blanks were cut. T h e induction c a s t alloy generally had a higher inclusion content and a n apparent lower niobium content (approximately 0.5 w/o niobium) than the starting a r c -c a s t material. A partial chemical a n a l y s i s of t h i s material i s listed in T a b l e I. T e n s i l e T e s t B a r Preparation, H e a t Treating and Test,ing Procedure,-Two t y p e s of tensile t e s t bars were u s e d , and t h e s e bars conformed to the specificat i o n s shown in Figure 1 . F l a t s p e c i m e n s which were u s e d in the majority of i n s t a n c e s were cut from hot rolled, double arc-cast s h e e t material., T h e round bars were from hot rolled rods that were previously induction c a s t a s d e s c r i b e d earlier. Before aging, the s h e e t a n d the rod blanks were heated 30 minutes a t 850°C a n d then they were water quenched.
T h e blanks were aged for various periods of time and a t various temperatures, air cooled to ambient temperature, and then machined. It w a s believed that this procedure would be similar to that of a production process. In some instances, however, the tensile samples were machined and then aged. In other i n s t a n c e s the samples were machined, water quenched from 850°C, aged, and then tested. In some c a s e s , after machining and h e a t treating, but before testing, the specimens were electropolished by the method described in RFP-862." T h e reasons for the variations w a s to evaluate their e f f e c t s on the resulting tensile properties. T e n s i l e t e s t s were performed a t room temperature in a i r on a Tinius-Olsen Model Super L tensile tester a t a strain rate of 0.802 iii./'iil./'iillnure. Exeepr wliere noted, two or three specimens were tested for each Ileal Lreatment. T h e hot tensilc t e s t s were conducted in a similar manner using a vertical-tube-furnace and an a i r atmosphere. Hardness measurements were taken of the grip area before testing the specimens. These values are an average of four readings: After fracture, longitudinal sections of selected specimens were metallographi-' cally examined. These same longitudinal sections then were subjected to x-ray examination using filtered* CuKa radiation and a diffractometer.
Nomenclature.-A number of stable and metastable phases are observed in the composition range of interest. A resurrle uf these phases is given in Table 11 .
Microstructural connotations can be added to the phase designations using the subscripts a, b, c, d, g, and p; referring to acicular, banded, crosshatch, deformation bands, granular, and pearlitic connotations, respectively.
Data concerning the metastable phases and their hardness, a s a fi.rnction of phase-composition at various cooling rates from the,irlarnma region, are shown in Figure 2 . T h e s e data are from Anagnostidis et aZ. I4 Similar data have been presented by Tangri and Chaudhuri." Figures 3, 4 , and 5, respectively. The samples were a l l gamma-quenched flat bars cut from hot-rolled, arc-cast ~i~a t a r i a l .
The aged samples were held one hour a t the indicated tempcrature and air cooled, and then machined.
T h e shape of the curves for the three compositions are similar. In general, the alloys show a low strength and high ductility in the solution quenched condition. Aging a t 350°C or lower results in a notable strengthening while maintaining reasonably good ductility properties. A t 400' to 500°C the alloys, develop a .
high strength and almost a complete loss bf ductility.
Aging above 52S°C shows an improvement, in ductility properties with a corresponding l o s s in strength.
In the high temperature aging experiments, the' 550°C treatment yields the toughest material. Yield (0.2 percent offset) and ultimate tensile strengths of 160,000 psi and 200,000 psi, respectively, combined with reasonably good ductility properties are obtainable. The major disadvantage of this treatment i s the a'
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S~~e r s a t u r a t e d a -l i k e t r a n s i t i o n ~h a s e h a v i n g s a m e s t r u c t u r e but different p a r a m e t e r s . T h e r e i s a n o t a b l e , Orthorhonihic c o n t r a c t i o n of t h e bo p a r a m e t e r a s compared to t h e a, and c o p a r a m e t e r s .
(bo c o n t r a c t i o n ) a"
S u p e r s a t u r a t e d G l i k e t r a n s i t i o n p h a s e h a v i n g s i m i l a r p a r a m e t e r c h a n g e s a s a' a n d , in addition, an i n c r e a s e in Monocliqic a n g l e y ( b e t w e e n t h e a and b a x e s ) t h u s r e s c l t i n g in a monoclinic s t r u c t u r e .
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,Y L BOO) T h e discontinuity in t e n s i l e and yield strengths in the vicinity of a 450°C a g e for the three compositions i s more apparent than real. T h e s e t e n s i l e b a r s were .
Q

An o r d e r e d t e t r a g o n a l t r a n s i t i o n p h a s e c l o s e l y r e l a t e d t o t h e b c c y p h a s e . T h e s t r u c t u r e i
brittle and often slightly bent. T h e combination of t h e s e two f e a t u r e s makes true t e n s i l e loading very difficult to approximate, a n d hence, r e s u l t s in low yield and t e n s i l e strengths.
T h e most promising heat treatment for a l l o y s where corrosion r e s i s t a n c e i s paramount i s the low temperature h e a t treatment, i.e., below 350°C. At temperatures below 300°C no visible decomposition of the metastable a" or yo structure occurs during the onehour aging. T h e s e a l l o y s show a noticeable strength increase while maintaining good ductility properties.
Mechanical t e s t d a t a for the uranium-15 a / o niobium alloy aged for various periods of time a t 150°C a r e ' shown in Figure 6 . T h i s low-temperature h e a t treatment r e s u l t s in a notable increase in yield s t r e n g t h , and reduction in area, whereas the ultimate te'nsile strength and modulus d e c r e a s e slightly. T h u s aging a t 150°C for 6 hours results in a near 50 percent increase in yield strength and a 40 percent increase in reduction of area.
T h e hot tensile strength d a t a for the uranium-15 a/o In general, x-ray examination revealed no structural c h a n g e after a g i n g for one hour below 350°C. T h u s the a l l o y s c a n be aged and strengthened a t low temperatures (below 350°C) without a n y readily.apparent x-ray or microstructural changes, and hence, without any large l o s s in corrosion r e s i s t a n c e .
,.
T h e changes in microstructure after one hour a t 400°C were incomplete and resulted in diffused x-ray diffractions. After one hour a t 500°C the precipitated The blanks were cut fro@ hot rolled, arc-cast material. The YS and UTS value's for samples hater quenched from 900°C were 113,000 and 125,000, respectively. The YS and UTS values for samples air cooled from 900°C were 79,000 and 125,000 psi, respectively.
of the p e a k s showed t h e matrix to be niobium poor.
T h e a l l o y s were c l o s e r to y, in composition than they were to y,. Longer t i m e s a t t h e s e aging temperatures would undoubtedly r e s u l t in the formation of the equilibrium y, phase. h'igure 6.-Mechanical test data for the U-15 a/o Nb alloy aged at 150°C. The test w a s conducted at ambient temperatures. The samples were aged in oil at 150°C and air cooled. All the samples were flat bars which were water quenched from 850°C, machined, and then aged. The blanks were cut from hot rolled, arc-cast material.
observed after t h e lower h e a t treatments-aging treatments were a l s o visible after the 500° and 600°C a g i n g treatments.
Metallographic observations of the U-19 a / o Nb alloy were difficult t o interpret. Quenching t h i s alloy from 850°C r e s u l t e d in a duplex structure c o n s i s t i n g of light g r a i n s a n d dark grains. Quenching from 900°C resulted in a structure appearing to be single-phase. ' Aging t h e alloy a t 250°C resulted a l s o in a duplex structure of light grains a n d dark grains [ Figure 10 (a)l.
After aging a t 350' and 400°C the dark grains became progressively darker [ Figure 10 (b)I. It i s believed that the duplex appearing structure i s because of a slight niobium enrichment of certain grains a t the expense of others. T h i s would allow the niobium rich grains to be attacked by the etchant a t a different rate than the niobium poor grains.
After aging a t 500° and 600°C, the U-19 a/o Nb alloy appears similar to the other two compositions studied. At 500°C the microstructure consisted of an unresolvable matrix and i s l a n d s of the partially transformed metastable ~a r e n t -p h a s e [ Figure 10 (c)I. At 600°C the microstructure consisted entirely of the unresolvable matrix. 8 and 9 ). T h e aged 19 a/o Nb alloy had a duplex grain structure. T h e light grains averaged 0.015 mm whereas t h e dark "grains" were about 0.03 mm in s i z e ( F i g w e 10).
T h e fractures for solution quenched specimens and specimens aged below 350°C were predominantly transcrystalline. T h e specimens aged for one hour a t 350°C showed a mixture of transcrystalline and 'inter- The flat bars were machined from hot rolled s h e e t , then solution treated 15 minutes a t 850°C and water quenched. The samples were then aged 2 hours a t the indicated temperature and air cooled. The s a m p l e s were then tested hot at 100, 300, or 600°C. One tensile bar per data point.
TABLE I11 S U P P L E M E N T A R Y MECHANICAL T E S T DATA F O R T H E URANIUM-11 a / o NIOBIUM ALLOY. ROUND BLANKS WERE C U T FROM HOT-ROLLED, INDUCTION-CAST BAR STOCK. T H E BLANKS W E R E THEN H E A T E D 30 MINUTES A T 8 5 0 '~ AND WATER QUENCHED.
TWO T E N S I L E BARS P E R DATA POINT.
H e a t treatment U T S 0.2% YS % Elone.
M n r l n l n~
Specimen p r e~a r a t i n n (OC per 1 hr)
Aged, then machined Machined, then a g e d Aged, then machined Machined, then a g e d Aged, then machined Machined, then a g e d if such a mechanism applied, the effect of niobium content would still have to be explained.
TABLE I V S U P P L E M E N T A R Y MECHANICAL T E S T DATA FOR T H E URAI\IIURI-L'I a / o NIOBIUM ALLOY. ROUND BLANKS WERE CUT* FROM HOT-ROLLED, INDUCTION-CAST BAR STOCK. T H E BLANKS WERE T H E N H E A T E D 3 0 MINUTES
A noticeable feature shown in Figures 3, 4 , and 5 i s -the strength minimum for the solution quenched uranium-15 a/o niobium alloy a s compared to the other two compositions. The uranium-15 a/o niobium composition lies very close to the a"-yo phase boundary (see Figure 2 ). When samples of this composition were entirely single-phase a" the yield strengths averaged 30 ksi (Figure 4) . It was not unusual to encounter alloys consisting of a coherent mixture of a" + yo. It i s believed that these mixtures are the result of niobium micro-segregation resulting in regions where the niobium content exceeds that of the a"-ya metastable phase boundary. The a " + yo alloys had the lowest yield strengths and averaged 20 ksi ( Figure 6 ). This indicates that the misfit energy between the two metastable phases must be very low.
A curious feature of the results was that the tensile strength of the martensitic a " phase was higher in the airquenched condition (Figure 4) , whereas for the metastable yo-phase it was higher in the waterquenched condition ( Figure 5 ). For the metastable y-structure, the greater degree of ordering given by rapid quenching, and the higher quenching stresses, may be responsible for the higher strengths observed. For the a " structure, an early state of precipitation possibly occurs during the slower quench, giving rise to the greater strength. A similar behavior i s observed in the uranium-molybdenum system." The increase in yield strength on aging at 150°C (Figure 6 ) was first noted in a uranium-7.5 a/o niobium-2.5 a/o zirconium ternary alloy and was presented to relate this to an ordering phenomenon.18 A similar explanation perhaps applies for the uranium-15 aiio niobium alloy, even though a different phase i s being considered, i.e., a" a s compared to y or yo in the ternary alloy. The diffusion of interstitial impurities a t 1 S 0 C to dislocations resulting in making them l e s s mobile could also cause an increase in yield strength.
Mechanical test data for a uranium-7.5 a/o niobium-2.5 a/o zirconium alloy has been presented elsehere.'^,^' Certain similarities can be drawn between this ternary alloy and the uranium-niobium binary alloy. The aging trends observed in this study correlate well 1 with those reported on the one ternary alloy. Table I11 shows mechanical test data for aged uranium-11 a/o niobium alloys. It was intended to determine the strength difference for machined and then aged alloys a s opposed to aged and then machined alloys. A s can be seen from the data, no direct correlation i s obvious. Table IV shows that the effect of electropolishing i s to lower the strength properties and increase the ductility. This i s perhaps related to removal of an oxide film or a surface residual stress resulting in a dislocation sink at the surface rather than a barrier. It was also desirous to see if samples could be machined, solution quenched, then aged, and satisfactorily tested. The one test (Table IV) indicated that this could be done.
The low extensions and relatively high reductions .
of area that occur in the uranium-19 a/o niobium alloy ( Figure 5) , and in the uranium-15 a/o niobium alloy aged at various times at 150°C (Figure 6 ), are worthy of note. This suggests that once deformation has started, it i s easier to continue deforming in that area than to initiate deformation elsewhere. It seems related to an upper yield point phenomenon, but not analogous to it, since nothing similar to Luders bands was found. It i s interesting that the yo structure i s an ordered structure2' and that the 150°C age may result in an ordered a" structure. Thus, the severe necking may be related to a strain softening phenomenon that i s a result of the ordered arrangement of atoms.
Microstructural examlnatlon revealed no evidbncc! af c~rcumferential cracking. At similar compcrsitions in the uranium-molybdenum system,PD severe eir~umfer-ential cracking was observed and was attributed to stress-corrosion in air. This phenomenon has limited the use of uranium-molybdenum alloys. It i s noteworthy that wanium-niobium alloys, at least in the range of study, did IIUL ehow stress-eorroaioa cracking.
